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ing	 their	diversity,	 resilience	and	ultimately	 the	health	of	 ecosystems	and	 their	
vegetation.	 In	environments	with	 rapid	changes	 in	vegetation	health	 (VH),	pro-
gress	is	needed	when	it	comes	to	monitoring	these	changes	and	underlying	causes.	

















heterogeneity	and	 the	 lack	of	 standardized	approaches	and	VH	protocols	pose	 the	
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1  | INTRODUC TION















complex,	 and	 multidimensional.	 Evolutionary	 adaption	 processes,	




an	 approach	 should	 enable	 landscape	managers,	 decision	makers,	
and	politicians	to	react	more	quickly	and	in	targeted	ways	to	decreas-










level	of	primary	producers	within	ecosystems.	To	 record	 shifts	 in	
vegetation	diversity	(VD)	and	related	shifts	in	VH,	two	main	mon-
itoring	 methods	 are	 available:	 (a)	 in	 situ	 or	 field-	based	 observa-
tion	 and	 (b)	 remote-	sensing	 (RS)	 approaches.	 In	 situ	 observation	
refers	 to	 the	direct	 identification	and	monitoring	of	plant	 species	
by	 taxonomists	 and	 has	 been	 used	 for	 VH	monitoring	 for	 a	 long	
time	(Mueller,	Baessler,	Schubert,	&	Klotz,	2010).	In	situ	approaches	




However,	 in-	situ	 approaches	 on	 the	 basis	 of	 taxonomic	 units	 are	
spatially	 and	 temporally	 limited	when	 it	 comes	 to	 understanding	
species	 responses	 to	 stress,	 disturbances,	 or	 resource	 limitations	
posed	by	environmental	conditions	(Soberón,	2007).	While	 in	situ	
observation	 has	 largely	 been	 based	 on	 taxonomic	 units,	 the	 im-




&	Whitaker,	 2008:	 1039).	 In	 situ	 species	 trait	 approaches	 give	 a	
complex	understanding	of	species’	potential	with	respect	to	differ-




















or	 resource	 limitations	 are	opening	up	new	perspectives	 and	new	
applications	of	RS	in	the	context	of	VH.
The	RS	approach	makes	 it	possible	 to	 respond	 to	a	number	of	
questions	 related	 to	 the	 status	 and	 changes	 of	 ecosystem	 func-














use	 intensity	 (Gómez	 Giménez,	 de	 Jong,	 Della	 Peruta,	 Keller,	 &	
Schaepman,	 2017),	 land-	use	 changes,	 landscape	 fragmentation,	
infestation	 and	 the	 spread	 of	 insect	 pests	 in	 forests	 and	 crops,	
right	up	to	species	distribution	and	richness	(α-	diversity)	(Rocchini,	
Hernández-	Stefanoni,	 &	 He,	 2015),	 turnover	 in	 species	 composi-
tion	 (β-	diversity)	 (Baldeck	 &	 Asner,	 2013;	 Rocchini	 et	 al.,	 2017),	









the	 choice	 of	 the	 classification	method,	 be	 it	 pixel-	based	or	 (geo-
graphic)	object-	based	approach,	and	(c)	“how	the	RS	algorithm	and	









work	and	crucial	 requirements	 for	combining	 in	situ	and	RS-	based	
approaches	and	the	development	of	a	multi-	source	VH	monitoring	
network.
2  | IN SITU APPROACHES FOR 
MONITORING VH





the	 morphological	 species	 concept	 (MSC;	Mayr,	 1969)	 relating	 to	
traits	and	functional	diversity.




the	definition	of	 species	 identity	 relatively	 stable.	 Species	 are	 the	
basis	for	the	quantification	of	measures	of	taxonomic	diversity	from	
which	we	can	follow	changes	in	biodiversity	due	to	changes	in	land	





ing	VH.	Even	 the	 sole	distinction	of	 species	by	 in	 situ	approaches	
can	provide	 insights	 into	the	state	of	biodiversity	and	related	eco-
system	 functions.	 Taxonomic	 diversity	 has	 thus	 been	 counted	 as	
one	 of	 the	 essential	 biodiversity	 variables	 (EBV)	 of	 the	 Group	 of	
Earth	 Observations	 Biodiversity	 Observation	 Network	 (Pereira	
et	al.,	2013).	However,	by	solely	considering	taxonomic	diversity,	we	
cannot	 infer	 information	on	for	example,	 the	rarity	of	a	species	or	
whether	 it	 is	native,	exotic	or	 invasive	 in	a	 region.	Where	such	 in-
formation	 is	available	 (e.g.	 from	national	 red	 lists	or	 inventories	of	
invasive	 species,	 for	 example,	DAISIE	 (Pyšek	et	al.,	 2010),	 the	dis-
tinction	of	species	by	 in	situ	approaches	can	be	used	 for	mapping	
the	distribution,	spread	or	decline	of	for	example,	invasive	species.
2.2 | PSC—to measure stress in phylodiversity
The	 knowledge	 about	 phylodiversity	 can	 provide	 better	 under-
standing	of	VH	(Faith,	1992;	Marcon	&	Hérault,	2015).	Measures	of	
phylodiversity	 (diversity	 measures	 based	 on	 the	 evolutionary	 his-
tory	 of	 species;	 Laity	 et	al.,	 2015)	 do	 not	 necessarily	 correlate	 to	
measures	of	taxonomic	diversity	(Schweiger,	Klotz,	Durka,	&	Kühn,	
2008).	 Rather,	 an	 increase	 in	 taxonomic	 diversity	 can	 just	 as	well	
be	accompanied	by	a	decrease	in	phylodiversity	(Knapp,	Winter,	&	
Klotz,	2017).	Phylodiversity	 is	not	distributed	randomly	across	the	





diversity	 of	 arthropods	 (Dinnage,	 Cadotte,	 Haddad,	 Crutsinger,	







2.3 | MSC—to measure stress in functional diversity
BSC	 and	PSC	distinguish	 species	 based	 on	 the	 ability	 of	 individu-
als	 to	 interbreed.	 In	 contrast,	 the	morphological	 (Mayr,	 1969),	 the	
chemotaxonomy	(Grube	&	Kroken,	2016)	and	environmental	species	
concepts	 (Hutchinson,	 1965)	 focus	 on	 the	 characteristics	 of	 spe-
cies—the	 so-	called	 traits—and	on	 the	 adaptation	of	 species	 to	 en-
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Plant	traits	are	anatomical,	morphological,	biochemical,	physio-






as	 plant	 invasions	 (van	 Kleunen,	Weber,	 &	 Fischer,	 2010),	 grazing	
(Díaz	et	al.,	2007)	or	eutrophication	and	fragmentation	(Römermann,	
Tackenberg,	 Jackel,	&	Poschlod,	 2008).	 The	 diversity	 of	 traits	 (i.e.	
functional	 diversity)	 has	 been	 shown	 to	 support	 ecosystem	 func-
tioning	(Flynn	et	al.,	2011).	The	fact	that	traits	both	respond	to	en-
vironmental	 changes	 and	 affect	 ecosystems	makes	 them	 valuable	
indicators	for	VH.
Traits	 can	 show	plastic	 responses	 to	environmental	 changes	but	
can	also	be	evolutionary	fixed	(Cheptou,	Carrue,	Rouifed,	&	Cantarel,	
2008).	 Consequently,	 in	 comparison	 to	 the	 BSC,	 the	 definition	 of	
traits	 is	 less	 stable.	 Standardized	measurements	are	 thus	needed	 to	
compare	traits	across	sites	and	scales.	However,	in	situ	trait	measure-








tioning	 experiments	 (Bruelheide	 et	al.,	 2014)	 allow	a	 comprehensive	
description,	 explanation	 and	 prediction	 of	 trait	 changes	 and	 related	
changes	in	VH.
3  | REMOTE- SENSING APPROACHES FOR 
MONITORING VH
RS	 records	 biochemical-	biophysical,	 physiognomic,	 morphological,	
structural	 and	 functional	 traits	 at	 all	 levels	 of	 biotic	 organization	









3.1 | Remote sensing can measure processes, stress, 
disturbances, and resource limitations
RS	 can	 record	 the	 status,	 stress,	 disturbances,	 or	 resource	 limita-
tions	of	vegetation	over	the	short	and	long	term	on	local	and	global	
scales,	since	(modified	after	Lausch,	Erasmi,	et	al.,	2016)
1. processes,	 stress,	 disturbances,	 and	 resource-limitations	 cause	
changes	 in	 spectral	 traits	 and	 lead	 to	 STV,
2. plant	 traits	 are	 a	proxy	 and	 filter	 for	 status	 (structure,	 process,	
function)	and	for	stress,	disturbances,	or	resource	limitations,
3. RS	can	record	direct	and/or	indirect	traits	and	trait	variations	on	





3.2 | Monitoring stress in phylo- , taxonomic, 
structural and functional diversity by RS
3.2.1 | Phylogenetic stress by RS
Phylodiversity	has	been	suggested	as	a	proxy	of	functional	diversity	
because	a	 range	of	 functional	 traits	 are	heritable;	 still,	 heritability	
does	not	always	apply	(Lososová	et	al.,	2016).	Inferring	facts	on	phy-
lodiversity	 from	spectral	 traits	 should	 thus	only	be	possible	when	
heritable	traits	correlate	with	spectral	traits	or	when	spectral	traits	
are	 heritable	 themselves	 (Jetz	 et	al.,	 2016).	 Imaging	 spectroscopy	











indicator	 on	 the	 basis	 of	 the	 leaf	 economic	 spectrum	 (Díaz	 et	al.,	
2015)	to	predict	97%	of	phylogenetic	diversity	in	plant	species.
3.2.2 | Taxonomic stress by RS




for	 assessing	 VH.	Due	 to	 their	 high	 spectral	 resolution	 and	 the	
recordability	of	various	plant	traits,	hyperspectral	RS	techniques	
are	 very	 suitable	 for	 discriminating	 species	 and	 their	 turnover	
(Rocchini	et	al.,	2017)	 floristic	compositions	 (Lopatin,	Fassnacht,	
Kattenborn,	&	Schmidtlein,	2017)	spatial	heterogeneity	(Rocchini	
et	al.,	 2018)	 dominant	 species,	 functional	 guilds,	 invasive	 plant	
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morphometric,	geometric	or	physiology	traits,	 (b)	various	life-	cycle	
traits	like	senescence,	phenology,	flowering	period	or	growth	char-
acteristics;	 (c)	 if	 regional	 specific	 resource	 limitations	 are	 present,	
which	determine	 the	geographic	presence	of	 the	plant	 species,	or	









3.2.3 | Functional stress by RS
Plant	traits	both	respond	to	and	affect	environmental	conditions	
and	 can	 thus	 be	 used	 as	 indicators	 of	 stress,	 disturbances	 and	
resource	 limitations.	 Furthermore,	 functional	 VD	 is	 closely	 re-
lated	 to	 ecosystem	 processes	 such	 as	water,	matter	 and	 energy	
cycles	 (all	being	 indicators	of	ecological	 integrity	 (EI)	and	thus	of	






the	 productivity	 of	 ecosystems	 (Lees,	 Quaife,	 Artz,	 Khomik,	 &	









there	 are	 numerous	 applications	 for	 monitoring	 shifts	 in	 plant	
traits	such	as	shifts	in	biochemical	traits,	photosynthetic	activity,	
plant	productivity,	phenology,	 the	 length	of	 the	growing	season,	
F IGURE  1 Spectral	traits	for	observing	and	assessing	phylogenetic,	taxonomic,	structural	and	functional	diversity	using	hyperspectral	
remote-	sensing	techniques	(modified	after	(Lausch,	Erasmi,	et	al.,	2016).	RS:	remote	sensing













spectral	 satellite	EnMAP,	 the	hyperspectral/thermal	 combination	
HyspIRI	 and	 the	 multispectral/hyperspectral	 RS	 combination	
HISIRI,	 or	 a	 multi-	sensor	 combination	 with	 RADAR	 and	 thermal	
radiometer	 like	 the	ECOsystem	Spaceborne	Thermal	Radiometer	
Experiment	on	Space	Station.
4  | COUPLING OF IN SITU AND RS 
APPROACHES BY METHODS OF DATA 
SCIENCE
No	monitoring	approach	alone	is	sufficient,	comprehensive,	cost-	
effective,	 and	 flexible	 enough	 to	 perform	 VH	monitoring	 from	
local	 to	 global	 scales	 and	 for	 short	 to	 long-	term	 processes	 as	
well	 as	 to	monitor	 changes	 in	phylo-	,	 taxonomic	and	 functional	
diversity	and	 to	assess	 the	stress	and	 resilience	of	ecosystems.	
Therefore,	 the	development	of	 a	multisource	 vegetation	health	
monitoring	network	 (MUSO-	VH-	MN)	 is	 necessary	where	multi-





data	 and	 platforms,	 (b)	 the	 coupling	 of	 monitoring	 approaches	
and	(c)	Data	Science	as	a	bridge	for	coupling	(Figure	3),	(modified	
after	Lausch	et	al.,	in	review).




et	al.,	 2015),	 data	 from	 museums,	 lysimeter,	 plant	 phenomic	 facilities	
(Furbank,	 2009),	 controlled	 environmental	 facility—Ecotron’s	 (Lawton	
et	al.,	1993),	 long-	term	ecological	 research	 (Mueller	et	al.,	2010),	spec-
tral	 laboratory	experiments,	biodiversity	ecosystem	functioning	experi-
ments	 (Bruelheide	 et	al.,	 2014),	Remote sensing:	 Optical	 (multispectral,	
hyperspectral),	 thermal,	 Radar,	 LiDAR	 data,	 laboratory,	 tower,	 camera	





















tion	monitoring—the	Biological	 (BSC),	 the	 Phylogenetic	 (PSC),	 and	




4.3 | Data science as a bridge
When	 it	comes	to	developing	a	MUSO-	VH-	MN,	big	data,	complex-
ity	and	syntactic	and	semantic	heterogeneity	and	the	lack	of	stand-
ardized	 approaches,	 protocols,	 as	well	 as	 data	management	 are	 all	
challenging.	 This	 is	 where	 Data	 Science	 comes	 in	 as	 a	 bridge:	 (a)	
digitalization,	(b)	standardization,	(c)	Semantic	Web,	(d)	testing	of	un-
certainties,	 (e)	Data	Science	analysis,	and	(f)	open	and	easy	analysis	
tools	 for	assessing	VD	are	all	crucial	 requirements	 for	a	better	use,	
understanding,	 and	 analysis	 of	 complex	 and	 multidimensional	 VD.	
Specifically,	this	means:
1. Digitalization:	VD	information	has	to	be	computer	producible,	
connectable,	 readable,	 and	 evaluable,	 allowing	 for	 a	 cost-ef-
fective,	error-free	and	standardized	processing	and	semantic	
linking	 of	 complex	 and	 multidimensional	 VD	 information	 to	
understand	 new	 patterns,	 interactions	 and	 processes	 in	
ecosystems.	 Important	 components	 are:	 Open	 Access	 for	
tools,	 software,	 algorithms,	 instruments	 or	 platforms,	 freely	
available	 data	 and	 data	 policy	 for	 species,	 RS	 (Wulder	 &	
Coops,	2014)	and	abiotic	data,	development	of	Open	Science	
Clouds	 like	 the	 European	 Open	 Science	 Cloud	 (Ayris	 et	al.,	
2016),	 familiarization	 with	 big	 data	 and	 distributed	
repositories.
2. Standardization:	Data,	 information,	 tools,	 algorithms,	models,	
data	management,	 and	monitoring	of	 approaches	have	 to	be	
standardized,	 administered,	 stored,	 processed,	 updated	 as	
well	 as	 linked	 and	 evaluated	 with	 other	 platforms	 and	
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networks.	 The	 basics	 of	 metadata	 management	 reflect	 the	
principles	 of	 Findability,	 Accessibility,	 Interoperability	 and	
Reusability	 (Wilkinson,	Dumontier,	 Aalversberg,	Appleton,	&	
Axton,	2016).	The	concepts	of	EBV	 (Pereira	et	al.,	2013),	es-
sential	 climate	 variables	 or	 semantic-based	 platforms	 like	






elements	 are:	 semantification	 (Berners-Lee,	 2006),	 ontologi-
zation	(Madin,	Bowers,	Schildhauer,	&	Jones,	2008)	and	Linked	
Open	 Data	 approaches	 (Lausch,	 Schmidt,	 &	 Tischendorf,	
2015).
4. Proof, trust and uncertainties:	Most	methods,	data	or	models	used	









6. Tools for scientists, data managers and stakeholders:	 Open	 and	
easy	management	and	analysis	tools,	comprehensible	scientific	
workflows	as	well	as	easy	and	constantly	up	to	date	data	pub-
lishing	 tools	 for	 analyzing	 and	assessing	MUSO-VH-MN	 infor-
mation	 are	 imperative	 for	 an	 applicable	 and	 implementable	
decision-making	 support	 system	 for	 authorities,	 stakeholders	
and	politicians.
5  | CONCLUSION
VH	 is	 multi-	dimensional	 and	 only	 partially	 understood	 due	 to	 its	
complexity.	So	far	there	is	no	existing	monitoring	approach	that	can	
sufficiently	assess	and	predict	VH	and	its	resilience	on	its	own.	To	
establish	a	multi-	source	VH	monitoring	network	 in	 the	 future,	 the	
following	main	elements	should	therefore	be	considered:	(a)	the	in-
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